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ABSTRACT
Subclinical Atherosclerosis Quantified through Cumulative Shear Measurement
Margaret Lynne Papka
With the high mortality rate of cardiovascular disease, it is important to study the
early signs. The early detection of cardiovascular disease can lead to saved lives. Currently
the most prevalent detection methods are the Framingham Risk Score and the carotid
intima media thickness, both of which are insufficient. The necessary tool for early
detection requires a uniform quantification system. The stimulus leading to endothelial
dysfunction, the most significant predictor of a major adverse cardiovascular event
(MACE)—and subsequently subclinical atherosclerosis—is reduced shear stress.
Increased surface relative roughness affects the flow profile transition from laminar to
turbulent resulting in reduced shear rate. The relationship between the shear stress and the
relative roughness was studied using a computer model for fluid flow. A model of the
brachial artery was generated to study its hemodynamics. Roughness values for both
laminar and turbulent flow were calculated to use with the governing equations
programmed in COMSOL Multiphysics. With all other factors remaining constant in the
model, the roughness values were changed. From the model profile plots, line graphs, and
numeral data are generated. This data provides information about how the shear stress and
the shear rate change with respect to the relative roughness value. The models with
different wall boundary conditions—slip versus Navier slip—were unable to be directly
compared due to the differences in value magnitude. When the flow profile transitions from
laminar to turbulent, there is a corresponding drop in both the shear stress and the shear
rate values. Additional testing is required to determine a critical relative roughness value
for this change in cumulative shear.

Keywords: subclinical atherosclerosis, relative roughness, hemodynamics, endothelial
dysfunction, cumulative shear
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CHAPTER 1
INTRODUCTION
1.1 Thesis Overview
The progression of cardiovascular diseases begins with subclinical atherosclerosis
which can be measured via an endothelial dysfunction response measurement. From there,
the potential of a significant cardiovascular event occurring exists.1 Endothelial
dysfunction is the most significant predictor of a major adverse cardiovascular event
(MACE).47
Framingham Coronary Heart Disease Risk Score (FRS) is one of the main metrics
for the evaluation of cardiovascular disease risk in asymptomatic patients. FRS provides a
score relating to the risk of patients developing cardiovascular disease in the next 10 years.2
The probability of the risk level is derived based on age, sex, dyslipidemia, hypertension,
diabetes, smoking, low density lipoprotein cholesterol (LDL), high density lipoprotein
cholesterol (HDL), and blood pressure. FRS is unable to predict when or what type of
MACE will occur. The score is also limited to studies in North America.2,3 Models such as
the FRS are shown to be good at determining the population risk, but not as specific to an
individual’s risk.14 An example of the chart used in the determination of FRS is provided
in Appendix A.
The current gold standard for subclinical atherosclerosis is the carotid intima-media
thickness (CIMT). It is a noninvasive diagnostic catheterization of the artery. This test
quantitatively measures the distance between the intimal-medial and the medial-adventitial
interfaces of the carotid artery using B-mode ultrasonography. An ultrasound image
showing the results of CIMT is shown below in Figure 1. The CIMT is a good predictor
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that a vascular event is likely to occur and can associate a vague timeline regarding the
likelihood of an event given the presence of atherosclerosis.4 CIMT also provides a data
set to assess individual risk.14

Figure 1. Carotid intima-media thickness ultrasound images. Left: CIMT image
displaying the intima-media layer of the arterial wall. Right: Image of carotid artery with
plaque buildup highlighted.8
There are a few categories where CIMT falls short, most critically in the lack of
consistency across physicians. The CIMT measurement was originally designated under
Class IIa, meaning that the imaging provides more benefit than risk to a patient with an
intermediate risk as determined by FRS. However, in 2013, the American College of
Cardiology/American Heart Association changed the classification to Class III which
means it should not be used.5 The main reason for this classification is the variability in the
data. Descriptions of the classification system are given in more detail in the table found
in Appendix B.
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Figure 2. The vessels of the right arm. Highlighted is the artery of interest, the brachial
artery.9
The goal of this thesis is examining the effect of varying levels of relative roughness
of the brachial artery on the fluid flow through the brachial artery. A critical relative
roughness where there is a change in the shear and the flow transitions from laminar to
turbulent will be determined. The cumulative shear is the integral of the instantaneous
change in baseline shear. It is also given in equation 1.46
̇ =
∆𝛾(𝑡)

4𝑉(𝑡) 4𝑉!!
−
𝐷(𝑡)
𝐷"

(1)

Where D0 is the baseline diameter, V(t) is the blood velocity, Vss is the steady state
velocity and D(t) is the change in diameter relative to time. Decrease in cumulative shear
3

and increase in relative roughness are indicative of endothelial dysfunction, which is an
early sign of a potential cardiovascular issue. Since the steady state value would be
unchanging throughout the integral, and the modeling method is sinusoidal, this factor
would lead to a value of zero. When used with human physiological ultrasound with a
compliant vessel instead of rigid on with viscoelastic properties, the value doesn’t converge
to zero.
Background research regarding blood flow was performed to understand the wall
shear stress, physiology, properties of blood, laminar and turbulent flow in vessels, and the
relationship between relative roughness, friction factor, and Reynold’s number.
To test this relationship and begin the development of a quantification method,
COMSOL Multiphysics® was used to perform finite element analysis. The laminar flow
module was used to simulate the blood flow through the brachial artery. The initial model
was using the friction factor for laminar flow, then an additional two models were used
with varying levels of relative roughness corresponding with turbulent flow applied to the
wall surface.

1.2 Motivation
Cardiovascular disease is the deadliest disease worldwide. Even countries with
well-developed medical systems have a high prevalence of cardiovascular disease. Every
year cardiovascular disease accounts for 17.9 million deaths. Globally cardiovascular
disease accounts for 31% of deaths and is the number one cause of death.6
Every 40 seconds, someone in the United States has a stroke. Every 3 minutes and
35 seconds on average someone dies from a stroke. 1 in 19 United States deaths occurred
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due to stroke in 2017, making it the fifth highest cause of death in the United States. In
2005 stroke was the leading cause of long-term disability with 3% of males and 2% of
females having reported effects.7
Seven factors are often considered when assessing patient risk level: smoking,
physical activity level, diet, body weight, cholesterol level, blood pressure and blood
sugar.7 These factors help to predict the potential risk level for vascular diseases. There is
a largely qualitative assessment in these terms relating the risk level for an adverse event.
While there are some quantitative measurements that can be associated, they are not
specific to the early signs of vascular diseases.
A better approach to prevention of vascular diseases requires a uniform quantitative
method for measurement, which would ideally increase early detection capabilities.

1.3 Aims of Work
This work has four main aims as follows:
1. Develop an in-silico model of the brachial artery with real blood properties.
2. Quantify the effects of surface roughness on hemodynamics.
3. Correlate the values of shear stress with endothelial dysfunction.
4. Attempt to quantify subclinical atherosclerosis as a relative roughness.

5

CHAPTER 2
BACKGROUND/LITERATURE REVIEW
2.1 Carotid Intima Media Thickness
The current gold standard for the quantification of subclinical atherosclerosis is
carotid intima media thickness measurements. CIMT is the most common noninvasive
measurement of atherosclerosis used to quantify the subclinical disease and monitor
progression.12 The intima media thickness is a double-line density on the ultrasound image.
Ultrasonic imaging is unable to distinguish between the tunica intima layer and the tunica
media of the artery, so they have to be combined in measurement. However, the earliest
signs of atherosclerosis develop in only the Tunica intima.11,12 The layers of the artery wall
are shown below in Figure 3. The thickness can be measured either manually or using an
automated tracing.12

Figure 3. The layers that make up the artery wall. CIMT measurements include the
Tunica intima and the Tunica media.13
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One benefit of using the CIMT is that it provides a real-time measurement for
patients that can be used in comparison to other patient values to determine the risk. The
CIMT varies with gender, age, and ethnicity, so those factors must be considered for the
comparison to be valid.12 There is no set standard for what measurement is indicative of a
particular risk level, which results in significant variability. There is also a discrepancy
among physicians as to the definition of plaque and whether an existing plaque is included
in the measurement. Plaques typically form in the low shear stress region of the carotid
artery.12
The sensitivity of the CIMT measurement is increased when used in combination
with an FRS score. CIMT by itself is a marker of atherosclerotic risk as well as an increased
cardiovascular risk. There is minimal data regarding the progression of CIMT and the
prediction of coronary artery disease and stroke. The level of atherosclerotic development
varies in different vascular beds, which is a weakness in the relationship between CIMT
and atherosclerosis but not in the measurement.11
Initially CIMT was not used for early detection and monitoring the arterial wall,
but to determine treatment for patients with occluded vessels. Significant carotid stenosis
is rare in asymptomatic patients; thus, it is not a good early detector for widespread
asymptomatic patients.

12

There is a significant amount of measurement error that takes

place with CIMT.11 There are multiple reasons for this, but the most prevalent is the variety
of possible measurement locations. CIMT is measured in the common carotid artery, the
carotid bifurcation, and the internal carotid artery. At each of these segments, the CIMT
can be measured at either the near wall or the far wall of the arterial segment.11,12,15 The
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different potential measurement locations and anatomy are shown below in Figure 4. The
values found for the CIMT are dependent on the location of the measurements. The
different measurement locations also correlate to different disease risks, one for stroke and
another for myocardial infarction; the prediction for an occurrence is as strong as any other
combination of traditional risk factors.12

Figure 4. The potential measurement sites when using B-mode ultrasonography to
conduction CIMT measurements.
The large amount of measurement error increases the difficulty of tracking the
changes over time for individual patients.12 Increases in CIMT are indicative of subclinical
atherosclerosis and are shown to increase the risk of cardiovascular events.12

2.2 Endothelial Dysfunction
Endothelial dysfunction was first found in the coronary arteries and described in
1986. Later it was determined that endothelial dysfunction is not limited to the coronary
arteries, but is in fact present throughout the vascular system. One method used to assess
8

the endothelial dysfunction in the brachial artery is flow-mediated endothelium-dependent
dilation (FMD). Like CIMT, FMD also lacks standardization in protocols between
laboratories and operators.11
In various studies, a close relationship between endothelial dysfunction and
cardiovascular disease has been observed. The endothelium controls vascular tone with
endothelium-derived relaxing factors. These factors include vasodilator prostaglandins,
NO,

endothelium-dependent

hyperpolarization

factors

and

endothelium-derived

contracting factors. A reduction in these factors can result in endothelial dysfunction.10,16
Imbalance of these factors causes vasodilation in the endothelium to not work properly,
another characteristic of endothelial dysfunction.11
When steps are taken to decrease the cardiovascular disease risk, the function of
the endothelium is actually improved. Similarly, when endothelial dysfunction is treated,
the risk of cardiovascular disease decreases. The endothelium is critical to the function of
the vascular system and maintaining homeostasis.16
Endothelial dysfunction occurs early in artherogenesis.16,17 It results in changes to
the vessel walls. The endothelium has an important role in vascular tone, coagulation, and
inflammation. Thus, endothelial dysfunction is related to adverse outcomes of
cardiovascular events. 17 Both endothelial dysfunction and high CIMT are indicative of
subclinical atherosclerosis. As CIMT increases, the endothelial function is decreased
through the measurement of flow-mediated dilation in the brachial artery.
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2.3 Subclinical Atherosclerosis
Simultaneously, endothelial dysfunction and subclinical atherosclerosis progress
before individuals develop significant atherosclerosis and atherosclerotic plaques. Early
detection of subclinical atherosclerosis is critical to preventing cardiovascular events from
occurring. The clinical manifestation of atherosclerosis is coronary heart disease.20
Artherogenesis occurs where there has been endothelial injury and the presence of
shear forces. The formation is affected by various risk factors, most significantly lowdensity lipoprotein cholesterol (LDL-C). Lifestyle is also a significant risk factor with diet
and exercise, hypertension, smoking and diabetes being a few of the factors that could lead
to an increased risk.4,20,22 The beginnings of atherosclerosis develop in early life, and it
progresses with age.20,21
Three tests that are used to determine risk level of patients prior to imaging: FRS,
the Metabolic Syndrome (MetS), and the Cardiovascular Health Index (CVHI). Through
analysis and comparison of the results of these tests with imaging, a connection is found
between CVHI and subclinical atherosclerosis. This would aid in the detection of
subclinical atherosclerosis in patients that are missed in the traditional risk factors and
scores.22
Subclinical atherosclerosis is more prevalent in men than women and increases with
age.4 Although there are other studies that mention that cardiovascular disease is more
prevalent in women, this gap is largely due to medical research having been heavily
focused on men in the past and only more recently has it begun to have more even numbers
of men and women represented. This is true for those presenting with a high level of risk
factors as well as in studies of asymptomatic patients. There are both non-invasive and
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invasive measurement techniques that allow for the study of subclinical atherosclerosis.
All of these measurements would prove more significant in the study of atherosclerosis if
there was common practice in serial measurements being taken over years.4,,20,21,22
There are many types of non-invasive imaging to measure subclinical
atherosclerosis. One of those is B-mode ultrasonography, as discussed in relation to CIMT
measurements in section 2.1. MRI allows for the plaque volume and composition to be
measured as well as the fibrous cap integrity and lesion time, which helps determine the
level of burden and the risk of rupture. Vulnerable plaques are a particular type of plaque
that is likely to break and cause a cardiovascular event. Another way these are diagnosed
is through optical coherence tomography.45 Electron-beam CT and Contrast-enhanced
multislice CT are used to determine the coronary artery calcification.4,20,21
Conversely there are two forms of invasive imaging used to detect the extent of
coronary artery disease. Coronary angiography allows for the localization and
determination of the degree of coronary luminal stenosis. In this the quantity of high-grade
stenoses is correlated to an increased risk. The other invasive method is intravascular
ultrasound which allows for the determination of size, and thickness of plaques throughout
entirety of vessel thickness.4
If and when subclinical atherosclerosis is detected, treatment is possible to avoid
the subsequent occurrence of a cardiovascular event. It is controversial whether to treat
subclinical atherosclerosis.4 Lowering lipid levels is one method of treatment. Statin
therapy and statin therapy with rosuvastatin have been found to slow, stop and even reverse
the progression of subclinical atherosclerosis.4,20
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2.4 Wall Shear Stress
As blood flows through vessels, the blood applies a shear stress against the vessel
walls. The normal stresses are transferred to all of the wall layers while the shear stress is
concentrated at the endothelium. The stresses that are applied to the vessel effect both the
distensibility and endothelial function.25
Since there is a direct relationship between the endothelial cells and shear stress,
the stimulus shear stress has a significant effect on the magnitude of the endothelial
dysfunction response. When the shear stress range is within normal limits, the endothelial
cells release agents such as prostacyclin, nitric oxide, calcium, and thrombomodulin which
have antithrombotic properties. This process prevents atherogenesis, thrombosis, adhesion
of leukocytes, smooth muscle proliferation and endothelial apoptosis.25
When the shear stress changes, cellular proliferation and vascular remodeling
processes occur. High shear stress causes an increase in the wall thickness and the vessel
diameter expands to maintain normalcy. With low shear stress the diameter decreases, and
intima media hyperplasia occurs. Low shear stress also subjects the flow conditions to
instability. 25
When blood flow is assumed to be Newtonian, flow rate can be determined with
the Haagen-Poisseuille flow equation, Equation 2.
𝑄=

𝜋𝑅# (𝑃" − 𝑃$ )
8𝜇𝐿
(2)

Where R is the internal radius of the vessel, 𝑃" and 𝑃$ are the inlet and outlet pressures, 𝜇
is the dynamic viscosity of the blood, L is the vessel length and Q is the volumetric flow
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rate. The output of Equation 1 is then input into Equation 3 to find the shear stress which
is proportional to the blood flow and inversely proportion to the diameter.25,27

𝜏% =

4𝜇𝑄
𝜋𝑅&
(3)

Where 𝜇 is the Newtonian viscosity, Q is the average flow rate in the vessel and R is the
radius of the lumen. Since blood is a non-Newtonian fluid, the shear stress-shear rate curve
is dependent on pressure, temperature and shear rate. Haagen -Poisseuille and Equation 2
require these assumptions to be made: laminar, Newtonian, and straight rigid pipe.
Often the wall shear stress in a vessel is described using Newton’s viscosity
equation (Equation 4):
𝜏 = −𝜇

𝜕𝑢
𝜕𝑦
(4)

where µ is viscosity in (Ns/m2), u is velocity (m/s), and y is distance from the surface (m).
For specific cases, there are simplified wall shear stress equations. In the case of flow
between two parallel plates—with a fixed plate and a moving plate—the wall shear stress
equation is given below in Equation 5.
𝜏= 𝜇

𝑈
ℎ
(5)

In this h is half the distance between plates, µ is the viscosity, and U is the velocity of the
non-fixed plate. In the case of the brachial artery model, it would be more useful to use the
equation for wall shear stress within a cylinder. This is given in Equation 6 below.
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𝜏% =

(𝑃' − 𝑃( )
𝑅
2𝐿
(6)

Where P1 is the inlet pressure, P2 is the outlet pressure, R is the radius, and L is the length
of the cylinder. Using computer modeling, the shear stress can also be found using
Equation 7 below.25
𝜏 = 𝜇𝛾̇
(7)
Where 𝜇 is the viscosity of the fluid and 𝛾̇ is the shear rate. The viscosity of a Newtonian
fluid is constant but as blood is non-Newtonian, the viscosity is not constant and therefore
the relationship between shear stress and shear rate is nonlinear.
Shear stress is one of the three mechanical forces that the vessel wall experiences;
the other two are pressure (hydrostatic forces) and circumferential stretch (tension).23,25
The direct effect that shear stress has on the endothelial cells changes how the endothelium
can function. Where there is a low mean shear stress there is an increase in endothelial
dysfunction. At these particular areas there is more uptake in lipoproteins, leukocyte
adhesion molecules and leukocyte transmigration.23 Low shear stress in combination with
flow reversals allows for and potentially helps to cause the pathogenic process where
endothelial dysfunction occurs leading to atherosclerosis. In other areas, where the laminar
shear stress is dominant, the endothelium is able to maintain circulatory and vessel integrity
through process regulation.23
Shear stress is inversely related to both endothelial dysfunction and CIMT. A 1996
study showed that when the endothelium is healthy, the wall shear stress in the common
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carotid artery, was reproducible and inversely related to CIMT, age, BMI and systolic
blood pressure.24

2.5 Blood Properties
Blood is composed of two main parts: plasma or serum and formed elements. . The
plasma is made up of water, proteins, gases, electrolytes and hormones. The formed
elements consist of cells: erythrocytes, leukocytes, and platelets26,27 Erythrocytes (RBCs)
compose 95% of the formed elements and between 40-50% of whole blood. The remaining
components of the cellular part of blood are leukocytes about 0.1% of cell volume and
platelets which make up about 4.9%.26,27
The components that make up blood, strongly influence its fluid properties. Whole
blood has a pH of 7.4, a density of 1060 kg/m3, and a viscosity of 3.0 cP at 37˚C at high
shear rates.27 Blood is a Non-Newtonian and shear thinning fluid which results in a
nonlinear relationship between shear rate and shear stress. Blood also has both viscous and
elastic properties. Models commonly assume blood to be Newtonian with a constant
viscosity between 3.0-4.0 cP. This is the case for blood when the hematocrit is about
44.5%.27
Red blood cells have a biconcave discoid shape.26,27 This allows for the cells to
stack together in a formation called rouleaux. The flow of blood changes based on the
rouleaux stacking. The rouleaux then sometimes combines to form aggregates. When there
is increased blood flow or high shear rates, the aggregates and rouleaux break apart.27 The
flow is dependent on the viscosity as it is a shear thinning fluid.
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There are several types of models for blood flow. Some of the models are limited
to simulation of blood viscosity at either low or high velocities. In large arteries such as
the aorta, the fluid flow is fast and therefore the constant viscosity can be assumed. At low
velocities, the Casson equation given below in Equation 8 can be used to simulate the
viscosity.28
𝜏"
𝜇 = (;𝜇" + = )(
𝛾̇
(8)
Where 𝜏" is the yield stress, µ0 is the Newtonian viscosity, and 𝛾̇ is the shear rate. When
the shear rate is high, the equation will approach 3.5 cP which is the average viscosity used
when blood is assumed to be Newtonian. The Casson equation cannot provide an accurate
value for shear rates below 10 s-1.28
An alternative to the Casson equation is the Power Law model. This model also is
used to find non-Newtonian viscosity and is given below in Equation 9.
𝜇 = 𝜇" 𝛾̇ )*'
(9)
Where n is a constant, µ0 is the Newtonian viscosity of blood, and 𝛾̇ is the shear rate. This
model simulates blood flow at low velocities extremely well but loses accuracy as the
flow increases above 0.6 m/s.28
The all-encompassing model is the Carreau Yasuda model. The Carreau Yasuda
model allows for the modeling of viscosity at both low and high flow velocities as given
below in Equation 10.
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𝜇 = 𝜇+), + >𝜇" − 𝜇+), ?[1 + (𝜆𝛾)̇( ]

)*'
(

(10)
Where µinf is the Newtonian viscosity, µ0 is the zero-shear rate viscosity of blood, 𝛾̇ is the
shear rate, λ and n are constants. To allow for the largest breadth to be accounted for in the
model, the Carreau Yasuda model will be used with the values given in the experimental
set up section.28
To generate the most realistic model, the Carreau Yasuda model will be used to
simulate the viscosity of blood. This will improve the power of the model so that it is not
reliant on assumptions and requiring a normal hematocrit.

2.6 Turbulent vs Laminar Flow
Flow through the vessel can either be turbulent or laminar. The determination of
the type of flow is based on the Reynold’s number which can be calculated using Equation
11.
𝑅𝑒 =

𝜌𝑉𝐷
𝜇
(11)

Where 𝜇 is the viscosity, 𝜌 is the fluid density, V is the fluid velocity, and D is the diameter
of the vessel. Given smooth pipe conditions, the flow is turbulent when the Reynold’s
number is high, or greater than 4000. When the Reynold’s number is low, or less than 2300,
the flow is laminar. Between these values the flow is transitional.27
Turbulent flow is unstable and has random motion throughout the flow field.
Laminar flow is smooth but becomes choppy as it turns turbulent.29 Undisturbed flow with
smooth surfaces, can stay laminar to higher Reynold’s numbers. One of the disturbances
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that causes changes in flow is the surface of the pipe or vessel. Atherosclerosis is more
prone to develop in areas with turbulent flow than laminar flow.
In laminar flow, the friction factor and Reynold’s number are indirectly related as
seen in Equation 12.
𝑓=

64
𝑅𝑒
(12)

While the relationship between laminar flow and the friction factor is rather simple, the
friction factor for turbulent flow is more complex. The Blasius equation is used as an
approximation for the turbulent friction factor for non-Newtonian fluids.31 The Blasius
equation is given below in Equation 13.
𝑓=

2𝜏%
0.079
=
'
𝜌𝑢(
𝑅𝑒 #
(13)

Where 𝜏% is the wall shear stress, 𝜌 is the fluid density and u is the velocity. The friction
value is higher when flow is turbulent. The friction factor for turbulent flow can also be
found using experimental data.
Similarly, the shear stress is also different between the flow types. The endothelial
cells lining the vessels are subject to shear stress. When the flow is laminar, the shear stress
can be found using Equation 3. However, when the flow is turbulent, the shear stress
changes are more complex. Where there is turbulent flow, the endothelial cells are subject
to oscillatory shear stress, which can be found using Equation 14.19
𝑆𝑆 = 𝑎;𝜌𝜇(2𝜋𝑓)&
(14)
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Where a is the radius of orbital rotation, 𝜌 is the fluid density, 𝜇 is the fluid viscosity, and
f is the frequency of rotation.19

2.7 Compliance
Arterial compliance is a measure of artery elasticity. This mechanism allows
arteries to increase their volume to maintain blood pressure. Connections exist between a
decrease in total arterial compliance and formation of atherosclerosis. As people age the
compliance of their arteries decreases.32 Artery compliance can be found using
Langewouter’s equation found in Equation 15.33
𝐴-./
𝜋𝑃'
𝐶(𝑃) = 𝐿 ∙
𝑃−𝑃
1 + ( 𝑃 " )(
'
(15)
Where L is the vessel length, Amax is the maximum cross-sectional area, P0 is the pressure
where compliance is at a maximum, and P1 is the transmural pressure value at 50 percent
of the maximum compliance. A healthy artery has a greater compliance as it is able to
expand and contract when necessary.

***Areli Reyes thesis goes into further depth on the effects that vessel compliance has on
the flow potentially leading to endothelial dysfunction and atherosclerotic
development.***
2.8 Pulse wave velocity
Pulse wave velocity is one method of measurement to determine artery stiffness.35
The pulse wave velocity has an inverse relationship with endothelial function.34 It can be
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measured in two ways; either between two vessels (regionally) or as a more precise local
measurement.36 One estimate of the pulse wave velocity is given by the Moens-Korteweg
equation given in Equation 16. When the Womersley number is less than 7, the given pulse
wave velocity equation is a good approximation to the wave speed. See Appendix D for
the calculated Womersley number.
ℎ𝐸+)0
𝑃𝑊𝑉 = =
2𝑟𝜌
(16)
Where h is the wall thickness, Einc is the incremental elastic modulus of the vessel wall, r
is vessel radius, and 𝜌 is the blood density. The Moens-Kortweg equation requires inviscid,
incompressible flow.
2.9 Relative Roughness, Stenosis, and Friction Factor
One of the most used tools to determine relative roughness, friction factor, and flow
development is the Moody Diagram (Appendix C). The Moody diagram is typically used
with a calculated Reynold’s number and a known relative roughness to determine the
friction factor of the vessel surface.29 Based on the Moody diagram when there is an
increased level of relative roughness, more of the fully developed flow is turbulent than
laminar.
The relative roughness value that results in a transition of the Reynold’s number is
indicative of subclinical atherosclerosis. As the roughness value increases, the cumulative
shear in the vessel decreases, resulting in endothelial dysfunction. Inflammation is found
during the early stages of atherosclerosis and could be expressed as relative roughness.
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The results of the postmortem stenotic human coronary artery hemodynamics study
discussed in Logan’s 1975 paper suggests that rougher arteries have a lower volumetric
flow rate when cardiovascular pressures remain constant which can be indicative of a major
adverse cardiovascular event.30 When the stenosis of the arteries is still low, subclinical
atherosclerosis begins to develop. Therefore, relative roughness could be used as a
measurement to detect the beginning stages of subclinical atherosclerosis.

2.10 Endothelial Roughness
The surface layer of blood vessels is the endothelium. Many models assume the
wall to be smooth, however this might result in not accounting for many of the near-wall
hemodynamics.48 When the endothelium is exposed to fluid flow, it causes a distribution
of shear stresses to occur at the surface.49
While the endothelium roughness is characterized in varying ways, it is shown the
rough wall segments impact the hemodynamic parameters.48 Park et. al. used the
combination of standard deviation and correlation length to characterize the endothelial
roughness while, Owen et. al. modeled the surface roughness using circumferential and
longitudinal measurements from a porcine artery. To easily compare between the smooth
and rough surfaces, 10 segments of 0.8 mm were used in a model, and it was found that
the oscillatory shear index (OSI) and relative residence time (RRT) were greater with a
rough surface than when modeled with a smooth surface.48 The oscillatory shear index, 𝜃+ ,
is a dimensionless parameter and is defined in Equation 17. Values close to 0.5 indicate
the presence of flow oscillation and values close to 0 indicate no flow reversal.
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1

U∫" 𝜏% 𝑑𝑡U
1
𝜃+ = (1 − 1
)
2
∫ |𝜏% 𝑑𝑡|
"

(17)
Where 𝜏% is the wall shear stress, t is the time, and T is the length of the cardiac cycle. The
relative residence time, tr is given in Equation 18.
𝑡2 =

𝑘
(1 − 2𝜃+ )𝜏ZZZ%Z
(18)

Where k is the proportionality constant and it equal to one when near the wall, 𝜃+ is the
OSI, and Z𝜏ZZ%Z is the time averaged wall shear stress.
Endothelium roughness affects several flow parameters. Roughness results in a
decreased mean flow velocity compared to the assumption of a smooth endothelium.
Likewise, given equal cardiovascular pressure, there is also a decrease in the volumetric
flow rate (Q) when there is in increase in the roughness. The mean shear rate increases with
the fluctuations in the endothelium and the pressure gradient is unaffected.49
Endothelial roughness could have an impact on the onset and progression of
atherosclerosis. When surface roughness is examined as a factor of this, an increase in
lumen roughness is connected to endothelial damage.48,49
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CHAPTER 3
SYSTEM DESIGN AND MODELING METHODS
3.1 Objective
The model’s objective is a quantification method that contributes to early detection of
subclinical atherosclerosis. Models will be used to determine a critical value for the relative
roughness where the cumulative shear decreases, and the flow transitions from laminar to
turbulent. Our theory is that this shift results in the development of endothelial dysfunction
and subsequently represents subclinical atherosclerosis. The increase in relative roughness
is inversely related to the cumulative shear, thus with an increase the flow profile will
change within the vessel.
This critical point of relative roughness will determine quantification of the
beginnings of subclinical atherosclerosis. This will allow for both the early detection and
early treatment of the disease. The flow type is dictated by the Reynold’s number, which
is a function of the friction factor as determined by the relative roughness. Based on the
origins of the Reynold’s number within the vessel, the relative roughness is the causal
factor for the change in flow profile. Therefore, the model will further investigate the
effects of the relative roughness on the flow within the brachial artery.

3.2 Experimental Setup
The model for the brachial artery is a symmetric 3D model generated in
SolidWorks; it was imported into COMSOL to study the flow through it. The geometry of
the brachial artery is modeled as a simple cylinder with an internal surface roughness. In
order to generate the most accurate computational analysis, an extra fine tetrahedral mesh
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was used in the model. The COMSOL model was used to measure shear stress, shear rate
and the relative Reynold’s number.

3.2.1 Constants
The constants needed for the COMSOL model are supplied in Table I.
Table I Constants used in COMSOL model
Component
Symbol
Value
Blood Density
1060
𝜌
Segment Diameter
D
3.97
Segment Length
L
20.5
43
Average Fluid Velocity
vavg
9.8
Newtonian Blood Viscosity
μinf
0.0035
Zero Shear Rate Blood Viscosity
μ0
0.056
Elastic Modulus
Eart
100850
Frequency
f
60
Friction Factor
fh
Variable

Units
kg/m3
mm
cm
cm/s
cP
cP
Pa
min-1
None

3.2.2 Assumptions
Assumptions were made to align the model with biological parameters. The average
resting heart rate for humans is 60 beats per minute, therefore the model assumes that the
flow is pulsatile and time dependent. It is also assumed that there is a Navier slip at the
wall to account for the surface’s relative roughness. With this condition in place, the
relative roughness can be converted to a friction factor and included in the built in
COMSOL parameter. Often blood is assumed to be Newtonian, but since it has both
viscous and elastic properties, and therefore is non-Newtonian. This model does not make
the Newtonian assumption.
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3.2.3 Governing Equations
These equations help to define the flow for the model. Some of the equations
described below are previously mentioned in Chapter 2. The viscosity of blood is described
using the Carreau-Yasuda model in Equation 19.

𝜇 = 𝜇+), + >𝜇" − 𝜇+), ?[1 + (𝜆𝛾)̇( ]

)*'
(

(19)
Where µinf is the Newtonian viscosity, µ0 is the zero-shear rate viscosity of blood, 𝛾̇ is the
shear rate, λ and n are constants. For this model the constants used are λ = 3.313 s and n =
0.3568.
The shear stress can be calculated based on the pressure drop between the inlet and
outlet of the vessel. The equation for the shear stress is given in Equation 20.
𝜏 = −𝜇

𝜕𝑢
𝑑∆𝑃
=
𝜕𝑦
𝐿
(20)

Where µ is viscosity in (Ns/m2), u is velocity (m/s), y is distance from the surface (m), d is
the diameter, L is the vessel length, and ∆𝑃 is the change in pressure between the inlet and
outlet of the vessel.
As required by the Carreau-Yasuda model, the shear rate must also be found using
Equation 21.
𝛾̇ =

𝜕𝑢
𝜕𝑦
(21)
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Where u is the velocity and y is the distance from the surface. The rate is affected by the
velocity of the blood flow and the blood’s location relative to the vessel surface.
The Reynold’s number is defined as the inertial forces divided by viscous forces.
When the inertial forces dominate, the Reynold’s number is large and has a higher
probability of representing turbulent flow. When the viscous forces are dominant, the
Reynold’s number is small and typically laminar flow. The Reynold’s number is given in
Equation 22.
𝑅𝑒 =

𝜌𝑉𝐷
𝜇
(22)

Where 𝜇 is the viscosity, 𝜌 is the fluid density, V is the fluid velocity, and D is the diameter
of the vessel. The Reynolds number is dimensionless. The Reynolds number for this model
is 117.83 and the calculation is provided in Appendix D.
Another important dimensionless number is the Womersley number, which is
important regarding pulsatile flow frequency. The Womersley number describes the
relationship between the changing inertial force and the viscous force, given in Equation
23.
𝜔𝜌
𝛼=𝑟=
𝜇
(23)
Where r is the vessel radius, 𝜔 is the angular frequency, 𝜌 is the fluid density, and 𝜇 is the
fluid viscosity. The calculation of the Womersley number using the given parameters can
be found in Appendix D.
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Blood flows within the vessels from high pressure to low pressure. For flow to
occur in the model, the pressure difference between the inlet and outlet of the vessel must
be defined as in Equation 24.
∆𝑃 =

8𝑢𝜇𝐿3
𝑟(
(24)

Where u is the velocity, 𝜇 is the viscosity, 𝐿3 is the length over which the pressure drop
occurs, and r is the vessel radius. This is a derivation of Poiseulle’s Law where the time
basis is one second.
In hemodynamics, pulsatile flow must be accounted for. The approximation given
in Equation 25 was used.
𝑤𝑎𝑣𝑒,42- = 1 + 𝜑𝑠𝑖𝑛(𝜔𝑡)
(25)
Where 𝜑 is 0.5, t is time, and 𝜔 is the angular frequency. This shows the nature of time
dependent and pulsatile flow.
The relative roughness of the vessel is modeled using a boundary condition. The
software discussed next provides the option for a boundary condition, Navier Slip, that is
dependent on the friction force (Ffr) which is defined in Equation 26.
𝜇
𝐹,2 = − 𝑢567 8
𝛽
(26)
Where 𝜇 is the viscosity, 𝑢567 8 is the velocity tangential to the wall and 𝛽 is the slip
velocity. 𝛽 is then further broken down into Equation 27.
𝛽 = 𝑓9 ℎ-+)
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(27)
Where 𝑓9 is the friction factor and ℎ-+) is the smallest element side. Both Equation 23 and
24 are from COMSOL Multiphysics definition. To determine the friction factor used in
laminar flow Equation 9 is used, there is only one possible value for friction factor given
this equation and a constant Reynolds number. For turbulent flow Equation 28 is used.
𝑓=

0.25
1
5.74 (
[log(
".= )]
𝐷 + 𝑁:;
3.7 j 𝜖 l
(28)

>

Where j ? l is the reciprocal of the relative roughness, and NRe is the Reynolds number. The
relative roughness values of interest were determined using data plots from the Huang et.
al. paper and provided in Figure 5. Each of the points listed in Figure 5 references an
experimental tube of known roughness, then a line of best fit is added to generate an
equation that can predict future values.44 The friction factors for turbulent flow and laminar
flow are provided in Appendix D. Based on the pipe flow definition provided in the figure,
values for relative roughness were chosen as they related to turbulent flow for use in this
model.
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A

B

Figure 5. Plots representing the critical Reynolds number vs the relative roughness. A)
critical points between laminar flow and transitional flow. B) critical points between
transitional flow and turbulent flow.44

3.3 Software
All of the software used to develop the model and acquire data was available
through the Cal Poly Biomedical Engineering Department. Due to the COVID-19
pandemic, all of the software was either downloaded to a student device or accessed using
the Cal Poly VPN and the Cal Poly Virtual Computer Labs.
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The primary software used was COMSOL Multiphysics® Version 5.5. COMSOL
is used for finite element analysis and developing physics-based simulations. The fluid
dynamics portion of the software was utilized for this project. COMSOL also allows for
CAD models to be imported for use in its models.
The main software used for developing and editing the CAD model of the brachial
artery was SolidWorks 2020. SolidWorks is commonly used based on its interface and
modeling capabilities. In this case the model was relatively simple, so it was developed
directly in COMSOL. Engineering drawings of the model were regenerated in SolidWorks.
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CHAPTER 4
SYSTEM IMPLEMENTATION
4.1 Drawing of Brachial Artery Model
A three-dimensional model of the brachial artery was generated to run simulations
of hemodynamic conditions through. The differences between the left and right brachial
arteries were not accounted for within these dimensions. General dimensions for the
brachial artery are given in Table II.

Table II. Brachial artery dimensions
Dimension Range
41
Length
20.5 – 29 cm
Diameter40
3.97 ± 0.51 mm
Intima Media Thickness42
0.29 ± 0.1 mm

Model Dimensions (mm)
262.9
3.97
0.29

Drawings were created from the model generated in SolidWorks. One of the important
aspects to the model that is vital, is the surface roughness. The surface roughness call out
in the drawing in Figure 6, is listed as TBD. This is so that the drawing is representative of
all of the models and different levels of surface roughness are used.
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Figure 6. Dimensioned SolidWorks drawing of the brachial artery model.

4.2 Finite Element Analysis
The three-dimensional model is imported into COMSOL from SolidWorks to
perform hemodynamic analysis. The model is shown in Figure 7.
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A

B

Figure 7. The three-dimensional brachial artery model as represented in COMSOL. A).
Shows the entirety of the model. B) Shows a zoomed in image of the top of the artery
model.
Within COMSOL, a finite element mesh is applied to the CAD model, Figure 8. The mesh
divides the model into pieces known as domains. As the mesh elements get smaller, the
solution provided for the simulation reaches toward what the true solution would be in
vivo. Over the elements a piecewise equation is used to converge on the solution. Initially
a coarse mesh was used to run the simulation. A mesh analysis was then performed to
compare the simulation values for shear stress with a calculated value. The percent
difference between the resulting simulation values and the calculated values are provided
below in Table III.
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Table III. Mesh analysis
Shear Stress Value
(Pa)
Calculated
Coarse
Normal
Fine
Finer
Extra Fine
Extremely Fine

0.69118
8.34467 x 10-10
8.34468 x 10-10
0.27916
0.26692
0.66789
0.84052

Percent Difference
from Calculated
Value (%)
-------------------99.99
99.99
59.61
61.38
3.37
21.61

Based on the percent differences in the mesh analysis, it was determined that an Extra Fine
mesh would be used for the final analysis because it contained a difference of less than
10%. The number of elements and the shape of those elements are shown in Table IV.

Figure 8. The three-dimensional brachial artery model section with extra fine mesh for
fluid dynamics represented.
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Table IV. Mesh statistics
Mesh vertices
Tetrahedra
Triangles
Edge Elements
Vertex Elements
Number of Elements
Minimum Element Quality
Average Element Quality
Element Volume Ration
Mesh Volume (m3)
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Fine Mesh
23044
103494
21708
1840
12
103494
0.195
0.6712
0.03398
3.217 x 10-6

CHAPTER 5
RESULTS
For the simulation, the region of interest is the volume within the brachial artery
where blood flows. Throughout all the models, the Reynold’s number remains unchanged
and there is a constant input velocity, while changing the boundary conditions
corresponding to relative roughness. Boundary conditions in the form of Navier slip, are
applied to all the wall surfaces to model the relative roughness of the vessel. For
comparison laminar and turbulent models with a slip wall boundary condition were also
created. The model was taken over a period of 180 seconds with 0.1 second intervals. The
COMSOL model generated profile plots and line graphs to represent the velocity
magnitude, cell Reynold’s number, shear stress and shear rate. The COMSOL profile plots
were generated at time equal to 60 seconds where the flow is fully developed. The line
graphs were generated for the time values of 60 to 120 seconds. The cumulative shear for
each of the models was also calculated to include in the numerical data.

5.1 COMSOL Profile Plots
The COMSOL profile plots provide a visual representation through the brachial
artery of the velocity, cell Reynolds number, shear stress, and shear rate. All the of profile
plots also include a zoomed in view to see the color distributions more clearly. Across the
different plots, there is a rainbow color scale; red coloring equates to areas with greater
magnitudes while blue equates to areas with lower magnitude. Because the profile plots
are an interesting visual, they do not directly show what is happening, so they are included
within Appendix E.
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5.2 COMSOL 1D Line Graphs
COMSOL Multiphysics also allows for the generation of 1D line graphs. Line
graphs were generated to show the velocity magnitude, cell Reynold’s number, shear rate
and shear stress over the course of the simulation. These are modeled after flow has been
fully developed to limit the noise in the graphs. The point of interest for the calculations is
the arc around the circumference of the center of the vessel. The line graphs generated
provide only qualitative information and are included in Appendix F.
5.3 Numerical Data from COMSOL
The numerical data provided below in Tables V, VI, VII, VIII, and IX is found
using the Surface Averages at the center circumference of the vessel. Data was collected
over a three-minute time period. Arbitrary time points in 30 second increments were used
to sample the data. Data is provided for the velocity magnitude, mass flow rate, shear rate,
shear stress, and cell Reynolds number. All the data was taken to four decimal places. The
tables are separated based on the boundary conditions:
•

Laminar flow with slip boundary condition

•

Laminar flow with a friction factor of 0.5432

•

A relative roughness value of 0.35—a roughness value corresponding to turbulent
flow in Figure 5.

•

A relative roughness value of 0.36—a roughness value corresponding to turbulent
flow in Figure 5.

•

Turbulent flow
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Table V. Surface average values for laminar model with slip
Velocity
Time
Magnitude
Mass Flow
Shear
Shear
(s)
(cm/s)
Rate (g/s)
Rate (1/s) Stress (Pa)
0
0.2325
0.0305
0.5387
0.0143
30
548.1903
71.9297
49.7648
0.2668
60
564.8353
74.1137
50.1962
0.2686
90
564.8179
74.1114
50.1332
0.2683
120
564.8508
74.1157
50.2086
0.2687
150
564.8619
74.1172
50.2370
0.2688
180
564.7885
74.1076
50.2133
0.2687

Cell
Reynolds
Number
0.0045
66.0828
68.1776
68.1881
68.2227
68.2840
68.2134

Table VI. Surface average values for laminar flow friction factor
Velocity
Time
Magnitude
Mass Flow
Shear
Shear
(s)
(cm/s)
Rate (g/s)
Rate (1/s) Stress (Pa)
0
0.2047
0.0269
1.4100
0.0233
30
9.1534
1.2010
94.9455
0.4521
60
9.1541
1.2011
94.9535
0.4521
90
9.1542
1.2011
94.9541
0.4521
120
9.1538
1.2011
94.9504
0.4521
150
9.1536
1.2011
94.9480
0.4521
180
9.1536
1.2011
94.9478
0.4521

Cell
Reynolds
Number
0.0048
1.3651
1.3653
1.3653
1.3652
1.3652
1.3652

Table VII. Surface average values for a relative roughness 0.35
Velocity
Time
Magnitude
Mass Flow
Shear
Shear
(s)
(cm/s)
Rate (g/s)
Rate (1/s) Stress (Pa)
0
0.2027
0.0266
1.5080
0.0241
30
8.6593
1.1362
94.0697
0.4488
60
8.6598
1.1363
94.0756
0.4488
90
8.6599
1.1363
94.0761
0.4488
120
8.6596
1.1363
94.0732
0.4488
150
8.6594
1.1362
94.0708
0.4488
180
8.6594
1.1362
94.0704
0.4488

Cell
Reynolds
Number
0.0049
1.2935
1.2936
1.2936
1.2936
1.2936
1.2936
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Table VIII. Surface average values for a relative roughness 0.36
Time
Velocity
(s)
Magnitude (cm/s)
0
0.2029
30
8.6932
60
8.6937
90
8.6938
120
8.6936
150
8.6934
180
8.6933

Mass Flow
Rate (g/s)
0.0266
1.1407
1.1407
1.1407
1.1407
1.1407
1.1407

Shear
Shear
Rate (1/s) Stress (Pa)
1.5006
0.0241
94.1304
0.4490
94.1365
0.4490
94.1372
0.4490
94.1346
0.4490
94.1322
0.4490
94.1317
0.4490

Cell
Reynolds
Number
0.0049
1.2985
1.2986
1.2986
1.2985
1.2985
1.2985

Table IX. Surface average values for turbulent model with slip
Time
Velocity
(s)
Magnitude (cm/s)
0
0.2325
30
546.3555
60
563.2293
90
563.2150
120
562.9968
150
563.0454
180
563.1557

Mass Flow
Rate (g/s)
0.0305
71.6889
73.9030
73.9011
73.8725
73.8789
73.8933

Shear
Shear
Rate (1/s) Stress (Pa)
0.5380
0.0009
49.6711
0.0488
50.2131
0.0505
50.1000
0.0520
50.1214
0.0562
50.1433
0.0563
50.1469
0.0576

Cell
Reynolds
Number
0.0045
65.7553
68.0354
68.0043
67.9762
67.9715
68.0126

The shear stress values were also measured using point evaluations. Point 5 and 8
were across from each other on the wall at the center of the vessel. For fully developed
flow to be established, the first minute of data was neglected from the calculation. The
cumulative shear was calculated as the integral of the shear stress from 60 seconds to 120
seconds, as also described by Equation 1. The cumulative shear values for the five models
are provided in Table X.
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Table X. Cumulative shear values over one minute
Model
Cumulative Shear
Point 5 (Pa)
Laminar with Slip
401.4026
Laminar Friction = 0.5432
400.4040
Relative Roughness = 0.35
394.6142
Relative Roughness = 0.36
395.0252
Turbulent with Slip
400.9891
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Cumulative Shear Point 8
(Pa)
386.3927
398.3068
393.6535
393.9850
385.8855

CHAPTER 6
DISCUSSION
To examine the results of this simulation, the models must be separated by the
boundary conditions applied to the vessel wall. There were two models with a slip
boundary condition (Tables V and IX) and three models using the Navier slip boundary
condition (Tables VI, VII, and VIII) with varying friction values associated with the
relative roughnesses. When the data is grouped this way, the results are consistent between
the two of them. The numbers between the two groups vary significantly by magnitude so,
it wouldn’t be reasonable to compare all the models directly.

6.1 Velocity Magnitude and Mass Flow Rate
The flow through the vessel is described through the velocity. The velocity
magnitude is shown using three different methods: profile plots, line graphs, and surface
averages. Numerical surface averages for the mass flow rate were also generated as it is a
function of the velocity relative to the fluid density.
Numerically, as expected, the velocity magnitude is greater for laminar flow than
it is for turbulent flow. In the models containing the slip boundary condition, when the flow
is fully developed it is seen that the velocity magnitude is an average of 1.7024 cm/s slower
for turbulent flow than it is for laminar flow.
The other models also show that there is a decrease in the velocity magnitude from
the fully laminar model to the models that use relative roughness values associated with
turbulent flow. In this case the decrease between the laminar and turbulent simulated model
is of a greater magnitude. This decrease is an average magnitude of 6.0741 cm/s. After the
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decrease due to the transition to the turbulent flow based on the associated relative
roughness values, the velocity magnitude then begins to increase parallel to the increasing
levels of relative roughness and levels of turbulence. This increase is very slight in
magnitude averaging about 0.0339 cm/s.
As the mass flow rate is a factor of the velocity, it follows the exact same pattern
as the velocity magnitude does in this case.

6.2 Cell Reynolds Number
The cell Reynolds number is also described using the same methods previously
discussed regarding the velocity magnitude. Similarly, to the velocity magnitude and mass
flow rate, in the numerical results, the values for the cell Reynolds number are highest for
the laminar models. Then in the Navier slip models, there is a drop in the values in the
transition to the turbulent models and then increasing again as the relative roughness
increases and thus the turbulence is also increasing.

6.3 Shear Rate and Shear Stress
The most significant resulting information from the model are the shear stress and
the shear rate data. The point of interest for the model is the shear. Like with velocity
magnitude and mass flow rate, the shear stress and the shear rate are related to each other.
In this case the shear rate is affected by the fluid viscosity when compared to the shear
stress. While the viscosity is not constant as the model in non-Newtonian, the viscosity still
changes only slightly. The changes in the shear rate mirror the changes in the shear stress
across the different models.
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In the numerical data, there is a clear picture of the decrease in the magnitude of
the shear in combination with the laminar turbulent transition. With the slip boundary
condition this decrease is most clearly seen in the shear stress between the laminar model
and the turbulent model.
With the Navier slip boundary condition, the initial decrease from the laminar flow
model to the relative roughness based turbulent models. There is then again a very slight
increase in the shear stress and the shear rate as the wall condition becomes more rough.
In the Paszkowiak paper, “Arterial wall shear stress: observations from the bench to the
bedside,” it discusses that the expected results that should be verified by this model are that
the shear should decrease when the flow changes from laminar to turbulent.19

6.4 Cumulative Shear
For the purposes of these calculations, cumulative shear was defined as the absolute
summation of the shear stress value. The cumulative shear was measured over the course
of one minute of flow. The measurement skipped the first minute of data to ensure that the
flow was fully developed in all the models. The cumulative shear was calculated as the
integral of the shear stress. Measurements of the shear stress were taken every 0.1 second.
The cumulative shear calculation was performed at two points on the wall of the artery
model at the centerline of the length. The data was generated and exported from COMSOL
and then opened in Excel to calculate the cumulative shear value.
In the comparison between the laminar and turbulent models with slip, there was a
decrease in the cumulative shear as the flow transitioned from laminar to turbulent with
everything else constant.
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When comparing the laminar turbulent transition with the Navier slip condition,
there was also a decrease seen between the laminar value and the turbulently related relative
roughnesses. Unlike other measured parameters, the cumulative shear value continued to
decrease as the relative roughness increased and the flow became more turbulent.
When using the integral of Equation 1, this model would result in a value of zero.
This is because that model requires the physiological viscoelastic properties with the
expansion of the vessel for it to not converge to zero. Since this model uses a rigid cylinder,
to calculate the cumulative shear an alternate method was used—absolute summation of
shear value. Additionally, this model was pulsatile in a sinusoidal method rather than using
a Windkessel model that more accurately represents blood flow. Because of this and the
nature of Equation 1 over the course of a sinusoid, the integral would sum to zero.
In future the goal is to determine when the shear changes in relation to the relative
roughness to determine when subclinical atherosclerosis begins to cause significant change
in the blood flow.
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CHAPTER 7
SUMMARY AND CONCLUSION
7.1 Contributions to the Field
This model presents the results of a hemodynamic study of the brachial artery.
The effects of the flow type on the resulting wall shear stress and shear rate. The beginning
signs of subclinical atherosclerosis are found in regions where there is low wall shear stress.
The model relies on the friction factor to distinguish the different types of flow. In the
model, a constant Reynolds number is assumed for the sake of calculation. For laminar
flow, the friction factor is completely dependent on the Reynolds number alone. Once
accounting for turbulent flow, the friction factor relies on both the Reynolds number and
the relative roughness. Based on the wall shear stress drop between the laminar and
turbulent values, there is a transition point where there is a critical relative roughness value
causing a drop in the shear stress and potential atherosclerotic plaque development. This
transition point also exists in the cumulative shear measurement.

7.2 Limitations
The biggest limitation and challenge of completing this work was the access to
COMSOL Multiphysics, the necessary software for modeling the artery needed in this
work. Due to the COVID-19 pandemic and the closing of the Cal Poly campus, the lack of
the access to programs on campus caused delays in the progress of this thesis. Additionally,
due to the virtual nature of the software and using the virtual computer lab rather than
having the software locally, the time to run simulations was increased drastically—for
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example 18 hours to just save the file. With these time constraints, a mesh refinement study
was not performed.
Another limitation to the work is that the geometry of the artery is modeled as a
single sized cylinder. Biologically, the artery is not perfectly cylindrical and varies in size
based on the patients measurement and gender.
Another limitation of the study is based on the wall boundary conditions used. The
relative roughness is modeled using a boundary condition with an associated friction factor.
Other than this effect of the wall on the fluid, the full reaction between the wall and the
fluid is not considered as well as any possible effects of perfusion. This also results in when
the flow condition is laminar, no matter what the relative roughness value is, the friction
factor is the same assuming the Reynold’s number doesn’t change. There is also a lack of
relationship between relative roughness and friction factor in the transition range between
laminar and turbulent.
While roughness values for turbulent flow are used to examine the flow, based on
the conditions needed, a turbulent flow model cannot be utilized. The turbulent flow
models included in the Cal Poly BMED license for COMSOL Multiphysics do not contain
the same boundary condition options that are used to model roughness in the laminar
model, thus the comparison and study of the turbulent flow is unable to be made directly.
7.3 Future Directions
In future, the goal would be to validate the model and then work to improve the
accuracy of the validated model. One initial step for this is to improve the vessel geometry
as for this simulation, the artery was modeled as a simple cylinder. The use of a 3D scanned
artery could be beneficial. It could also be noted that as the atherosclerotic disease
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progresses, the geometry and vessel properties may not be consistent. Additionally a more
thorough turbulent model with varying roughness’s should be generated.
One of the weaknesses of this model is how the relative roughness had to be
modeled. The method of using the wall boundary conditions to define the relative
roughness of the surface limited the study to only that of overall laminar flow rather than
implementing the turbulent models. There may also be an alternate way to build the surface
condition into the 3D model that would also improve the ability to study the hemodynamics
of the vessel.
Additionally, working on how the relative roughness contributes to the transitional
flow may be helpful in determining an exact critical value which was not found in this
work. A future iteration of this work should investigate what the exact value for relative
roughness is when the flow is changing.

7.4 Closing Statement
Subclinical atherosclerosis and endothelial dysfunction are connected to turbulent
flow profiles within the vessel. Subclinical atherosclerosis is also related to an increase in
the relative roughness of the vessel wall, this could be an engineering metric to indicate the
inflammation. When the relative roughness and friction factor increase, while maintaining
equal flow velocity and Reynolds number, turbulent flow develops. During the transition
from laminar flow to turbulent flow, there is a significant decrease in the wall shear stress,
this is one of the first signs of potential subclinical atherosclerosis development. As this is
modeled there can be decisions made as to what exact relative roughness value quantifies
the drop in the measured wall shear stress.
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One drawback from using this exact model to develop a quantification for the value
of the relative roughness that signals subclinical atherosclerosis is that this model considers
the relative roughness to be uniform across all the vessel surfaces, which is not always the
case biologically. Although, this will still be able to eventually provide an initial value to
investigate further. Having a better understanding of this relative roughness value will aid
in the early detection of endothelial dysfunction and subclinical atherosclerosis and provide
the chance to prevent a traumatic cardiovascular event from occurring. Using
hemodynamic measurements and narrowing down a critical value for the relative
roughness will be vital to early detection and halting the progression of cardiovascular
diseases. This will also be able to eventually provide superior clinical feedback to
physicians.
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Appendix A: FRS Assessment

Table XI. Framingham Risk Score
FR

RE (FRS)

Date:
Patient’s Name:

I

Risk Factor

Risk Points
Men

Points

Total Points

Women

10-Year CVD Risk (%)*
Men
Women

Heart Age, y

Men

Women

Age

7
7
7

7
7

HDL-C (mmol/L)

*

Total Cholesterol

†

>
Systolic Blood
Pressure (mmHg)

Risk Level†

Initiate Treatment If:

T

T

T

(Strong, Moderate)

Total Points

Y
Y

Low
Statin-indicated
conditions**

disease

‡

**
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(Strong, Moderate)

(Strong, High)

(Strong, Moderate)

(Strong, Moderate)

(Strong, Moderate)

7

Diabetes

Alternate Target

(Strong, High)

T
Intermediate

Smoker

Primary Target (LDL-C)

High

Appendix B: Levels of Evidence Chart38
Table XII. Levels of evidence and classification of recommendations
Appendix 1: Levels of evidence and classification of recommendations*
Class (size) of treatment effect; nature of recommendation and evidence*
Class III: No benefit
Estimate of
OR
certainty (level
Class I:
Class IIa:
Class IIb:
Class III: Harm
of evidence)
Benefit >>> risk
Benefit >> risk
Benefit ≥ risk:
Description of
class

Procedure or
treatment
should be performed
or administered

Additional studies
with focused
objectives are
needed; it is
reasonable to
perform the
procedure or
administer the
treatment

Level A evidence:
Multiple
populations
evaluated; data
derived from
multiple RCTs or
meta-analyses

• Recommendation
that procedure or
treatment is useful
or effective
• Sufficient evidence
from multiple
randomized trials or
meta-analyses

Level B evidence:
Limited
populations
evaluated; data
derived from a
single
randomized trial
or
nonrandomized
studies

• Recommendation
that procedure or
treatment is useful
or effective
• Evidence from
single randomized
trial or
nonrandomized
studies

Level C evidence:
Very limited
populations
evaluated; only
consensus
opinion of
experts, case
studies or
standard of care

• Recommendation
that procedure or
treatment is useful
or effective
• Only expert
opinion, case
studies or standard
of care

• Recommendation
in favour of
treatment or
procedure being
useful or effective
• Some conflicting
evidence from
multiple
randomized trials
or meta-analyses
• Recommendation
in favour of
treatment or
procedure being
useful or effective
• Some conflicting
evidence from
single randomized
trial or
nonrandomized
studies
• Recommendation
in favour of
treatment or
procedure being
useful or effective
• Only diverging
expert opinion,
case studies or
standard of care

Additional studies
with broad
objectives are
needed, and
additional registry
data would be
helpful;
procedure or
treatment may be
considered
• Usefulness or
efficacy of
recommendation
is less well
established
• Greater conflicting
evidence from
multiple
randomized trials
or meta-analyses
• Usefulness or
efficacy of
recommendation
is less well
established
• Greater conflicting
evidence from
single randomized
trial or
nonrandomized
studies
• Usefulness or
efficacy of
recommendation
is less well
established
• Only diverging
expert opinion,
case studies or
standard of care

Procedure or
treatment should
not be performed or
administered
because it is not
helpful and may be
harmful

• Recommendation
that procedure or
treatment is not
useful or effective
and may be
harmful
• Sufficient evidence
from multiple
randomized trials
or meta-analyses
• Recommendation
that procedure or
treatment is not
useful or effective
and may be
harmful
• Evidence from
single randomized
trial or
nonrandomized
studies
• Recommendation
that procedure or
treatment is not
useful or effective
and may be
harmful
• Only expert
opinion, case
studies or standard
of care

Note: RCT = randomized controlled trials.
*Adapted, with permission, from Jacobs AK, Kushner FG, Ettinger SM, et al. ACCF/AHA clinical practice guideline
methodology summit report: a report of the American College of Cariology foundation/American Heart Association
Task Force on Practice Guidelines. Journal of the American College of Cardiology 2013;61:213-65.
www.sciencedirect.com/science/journal/07351097). © American College of Cardiology Foundation and American
Heart Association.

Appendix to: Liu D, Peterson E, Dooner J, et al.; for the Interdisciplinary Expert Panel on Iliofemoral Deep Vein
Thrombosis (InterEPID). Diagnosis and management of iliofemoral deep vein thrombosis: clinical practice
guideline. CMAJ 2015. DOI: 10.1503/cmaj.141614. Copyright © 2015 8872147 Canada Inc. or its licensors
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Appendix C: Moody Diagram39

Friction factors for any type and size of pipe. (From Pipe Friction Manual, 3rd ed., Hydraulic Institute, New York, 1961)

MOODY DIAGRAM

ESSOM CO., LTD. 510/1 Soi Taksin 22/1 Taksin Rd. Bukkalo Thonburi Bangkok 10600 Thailand
Tel. +66 2476 0034 Fax. +66 2476 1500 E-mail : essom@essom.com, http://www.essom.com

Figure 9. Moody Diagram
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Appendix D: Calculations
Womersley Number
𝛼 = 𝑟=

𝜔𝜌
𝜇

Assume a constant viscosity.
Where:
r = radius = 1.985 mm
f = frequency/heart rate = 60 bpm
w = angular velocity = 2pf = 2p rad/s
r = blood density = 1060 kg/m3
µ = constant blood viscosity = 3.5 cP

𝑘𝑔
𝑟𝑎𝑑
=(2𝜋 𝑠 )(1060 𝑚& )
𝛼 = 1.985𝑚𝑚
3.5𝑐𝑃
𝜶 =2.738
Reynolds Number

𝑅𝑒 =

𝜌𝑉𝐷
𝜇

r = blood density = 1060 kg/m3
V = fluid velocity = 9.8 cm/s
D = vessel diameter = 3.97 mm
𝜇 = viscosity = 0.0035 Pa s

𝑅𝑒 =

(1060

𝑘𝑔
𝑐𝑚
)(9.8 )(3.97𝑚𝑚)
𝑠
𝑚&
0.0035 𝑃𝑎 𝑠

𝑹𝒆 = 𝟏𝟏𝟕. 𝟖𝟑
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Laminar Flow Friction Factor
𝑓=

64
𝑅𝑒

Re = Reynolds number = 117.83
𝑓=

64
117.83

𝒇 = 𝟎. 𝟓𝟒𝟑𝟐
Turbulent Flow Friction Factor
𝑓=

>
?

0.25
1
5.74 (
[log(
".= )]
𝐷 + 𝑁:;
3.7 j 𝜖 l

= Inverse of Relative Roughness

𝑁:; = Reynolds Number = 117.83
Turbulent Flow Friction Factor when Relative Roughness = 0.35
𝑓=

0.25
[log(

1

5.74
(
1 + 117.83".= )]
3.7 j0.35l
𝒇 = 𝟎. 𝟒𝟑𝟎𝟖

Turbulent Flow Friction Factor when Relative Roughness = 0.36
𝑓=

0.25
[log(

1

5.74
(
1 + 117.83".= )]
3.7 j0.36l
𝒇 = 𝟎. 𝟒𝟑𝟖𝟓
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Appendix E: COMSOL 3D Profile Plots
All of the following 3D profile plots were generated in COMSOL. Each was
taken at a time point of 60 seconds into the cycle, therefore the flow was fully developed
ahead of the figures displayed. In all cases, the artery model was sliced in an X-Y
direction.
E.1 Velocity Magnitude

Figure 10. Velocity magnitude profile plot for laminar model with slip.

Figure 11. Velocity magnitude profile plot for laminar flow with friction factor.
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Figure 12. Velocity magnitude profile plot for a relative roughness of 0.35.

Figure 13. Velocity magnitude profile plot for a relative roughness of 0.36.

Figure 14. Velocity magnitude profile plot for turbulent model with slip.
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E.2 Cell Reynolds Number

Figure 15. Cell Reynolds number profile plot for laminar model with slip.

Figure 16. Cell Reynolds number profile plot for laminar flow with friction factor.
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Figure 17. Cell Reynolds number profile plot for a relative roughness of 0.35.

Figure 18. Cell Reynolds number profile plot for a relative roughness of 0.36.

Figure 19. Cell Reynolds number profile plot for turbulent model with slip.
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E.3 Shear Rate

Figure 20. Shear rate profile plot for laminar model with slip.

Figure 21. Shear rate profile plot for laminar flow with friction factor.
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Figure 22. Shear rate profile plot for a relative roughness of 0.35.

Figure 23. Shear rate profile plot for a relative roughness of 0.36.

Figure 24. Shear rate profile plot for turbulent model with slip.
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E.4 Shear Stress

Figure 25. Shear stress profile plot for laminar model with slip.

Figure 26. Shear stress profile plot for laminar flow with friction factor.
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Figure 27. Shear stress profile plot for a relative roughness of 0.35.

Figure 28. Shear stress profile plot for a relative roughness of 0.36.

Figure 29. Shear stress profile plot for turbulent model with slip.
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Appendix F: COMSOL Line Graphs
The line graphs following provide qualitative data about the different measured
parameters. All the line graphs portray the data from 60 to 120 seconds. This was the flow
has been fully developed and it goes through an entire minute of data.
F.1 Velocity Magnitude

Figure 30. Velocity magnitude line graph for laminar model with slip.

Figure 31. Velocity magnitude line graph for laminar flow with friction factor.
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Figure 32. Velocity magnitude line graph for a relative roughness of 0.35.

Figure 33. Velocity magnitude line graph for a relative roughness of 0.36.
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Figure 34. Velocity magnitude line graph for turbulent model with slip.
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F.2 Cell Reynolds Number

Figure 35. Cell Reynolds number line graph for laminar model with slip.

Figure 36. Cell Reynolds number line graph for laminar flow with friction factor.
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Figure 37. Cell Reynolds number line graph for a relative roughness of 0.35.

Figure 38. Cell Reynolds number line graph a relative roughness of 0.36.
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Figure 39. Cell Reynolds number line graph for turbulent model with slip.
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F.3 Shear Rate

Figure 40. Shear rate line graph for laminar model with slip.

Figure 41. Shear rate line graph for laminar flow with friction factor.
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Figure 42. Shear rate line graph for a relative roughness of 0.35.

Figure 43. Shear rate line graph for a relative roughness of 0.36.
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Figure 44. Shear rate line graph for turbulent model with slip.
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F.4 Shear Stress

Figure 45. Shear stress line graph for laminar model with slip.

Figure 46. Shear stress line graph for laminar flow with friction factor.
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Figure 47. Shear stress line graph for a relative roughness of 0.35.

Figure 48. Shear stress line graph for a relative roughness of 0.36.
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Figure 49. Shear stress line graph for turbulent model with slip.
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